The degenerate leptogenesis is studied when the degeneracy in two of the heavy right-handed neutrinos [the third one is irrelevant if µ − τ symmetry is assumed] is due toL ≡ (Le − Lµ − Lτ ) discrete symmetry. It is shown that a sizeable leptogenesis asymmetry ε ≥ 10 −6 is possible. The level of degeneracy required also predicts the Majorana phase needed for the asymmetry and this prediction is testable since it is the same phase, which appears in the double β decay and this prediction is testable. Implication of non-zero reactor angle θ13 are discussed. It is shown that the contribution from sin 2 θ13 to leptogenesis asymmetry parameter may even dominate. An accurate measument of sin 2 θ13 would have important implications for the mass degeneracy of heavy righthanded neutrinos.
I. INTRODUCTION
The purpose of this paper is to study degenerate(i.e. when two of the three right handed neutrinos are (nearly) degenerate) leptogenesis in seesaw mechanism where the mass matrix for right handed neutrinos has µ − τ symmetry and the degeneracy is the result ofL ≡ (L e − L µ − L τ ) discrete symmetry. This is studied in a generic seesaw gauge model [1] , in which in addition to the usual fermions and SU L (2) Higgs doublets, there are three SU L (2) singlet right handed neutrinos N i R (i = e, µ, τ ) with µ − τ symmetry and two Higgs with quantum numbers given below L e : (2, −1, 0), φ where the numbers in the parenthesis respectively correspond to SU L (2) and U i (1) quantum numbers. It is important to remark that as a result of µ − τ symmetry the leptogenesis asymmetry parameter is proportional to ∆m 2 sol [2, 3] rather than ∆m 2 atm , and in general an unknown Majorana phase which, however, also appears in the neutrinoless double β−decay. This was studied for the hierarchal (M 2 ≫ M 1 ) leptogenesis. Now a study is made for degenerate leptogenesis when the degeneracy is the result ofL discrete symmetry for the right-handed heavy neutrinos sector.This degeneracy is protected by the symmetry (although global) and as such would be softly broken. It is shown that a sizeable lepton asymmetry ε ≥ 10 −6 is possible. The level of degeneracy needed for this to occur also predicts the Majorana phase needed for the asymmetry. This is the distinguishing feature of the model considered. In general the asymmetry parameter is proportional to the product of degeneracy parameter ∆M M −1 and a CP-violating phase; the fixation of this product to get a sizable leptogenesis parameter does not necessarily predict one from the other. This is because they do not get related, in contrast to the model considered here, see for example [4, 5] . Since the phase involved is the same which occurs in the neutrinoless double β−decay, this prediction is testable. Further the effect of a non-zero reactor angle θ 13 on leptogenesis is considered in some detail. It is shown that the contribution from sin 2 θ 13 to leptogensis asymmetry parameter may even dominate. As such an accurate measurement of sin 2 θ 13 would have important implications for the mass spectrum of heavy right-handed neutrinos, particularly for
M2+M1 . The Yukawa couplings of neutrinos with Higgs, using µ − τ symmetry for right-handed neutrinos only, is given by
One can also write Yukawa couplings of quarks with Higgs doublets, in the same fashion as for charged lepton as follows:
A remark about Yukawa Couplings is in order. The model contains two Higgs doublets φ (1) and φ (2) , the former is coupled to the first generation while the later to second and third generations. Then the quantum number given in Eq. (1) dictate the couplings as in Eq. 
Then the charged lepton and Dirac neutrino mass matrices are
where P (γ) is diagonal phase matrix (consisting of non-trivial Majorana phases γ 1 , γ 2 , γ 3 ). Thus
withM i = M i e 2iγi , i = 1, 2, 3 and tan 2θ
Then the effective Majorana mass matrix for the light neutrinos is
wherem D is the Dirac matrix in
and the corresponding Yukawa matrix isŶ
Before proceeding further, let me display the Higgs potential for φ fields
When the symmetry is brokenφ
Due to the presence of the terms λ 3 and λ 4 in Eq. (16), when the symmetry is broken, each pair of Higgs particles
mix. Further, when the resulting mass matrices are diagonalized, one of the charged Higgs and one of the neutral Higgs acquire zero masses and as such are eaten up by W + and Z 0 to give them masses.
As a result one has four massive physical Higgs particles, one charged H + and three neutral H, h and A 0 . Due to presence of Majorana mass term
providing explicit breaking of family lepton number, flavor changing interactions can arise due to radiative corrections and are controlled by elements of M R and have been shown to be calculable and finite [8] . At one loop level such corrections arise due to charged Higgs and have been shown [8] to be highly suppressed. It may be remarked here that the Higgs potential for Σ fields can be included but even after breaking of the symmetry there is no mixing between Σ and φ fields. Σ ′ gives mass to one of the neutral gauge bosons and make it super heavy. Σ is not coupled to gauge bosons. But both Σ and Σ ′ give mass to right handed neutrinos.
We now applyL discrete symmetry on the purely heavy right-handed neutrino part of the Lagrangian (2) i.e.
which leaves only the f 12 term invariant so that
As a resultM
where 
where
The degree of degeneracy needed for providing sizable asymmetry [see section 3] requires |η| ≃ 10 −3 and correspondingly η ′ is also of the same order. A remark about the sterile neutrino would be in order. Even ifL discrete symmetry is broken, the sterile neutrino can not mix with any of the active neutrinos unless µ − τ symmetry is also broken for right handed neutrinos [1] . Even then the primordial nucleosynthesis bound on the active member of neutrino at t ∼ 1s: N ν < 3.1 implies that the oscillation of active neutrinos into the sterile one should obey the bound δm 2 sin 2 2θ ≤ 1.6 × 10 −6 eV 2 which excludes the ν µ → ν s and ν e → ν s oscillations and as such do not effect the atmospheric and solar neutrino solutions [9] .
The effective Majorana mass matrix for light neutrinos, given in Eq. (14), is
where A is 3 × 3 matrix with matrix elements
If one assumes ν µ → ν τ symmetry for the M ν , then h 22 = h 32 would imply, as is well known, maximal θ 23 = ±π/4, θ 13 = 0 and m 3 = 0. If θ 23 is not exactly maximal, or θ 13 = 0, then ν µ → ν τ symmetry for left-handed neutrinos is broken but m 3 is still zero since the second and third columns of m D given in Eq. (6) are identical [6] . However, present experiments indicate that the breaking has to be small. Thus defining h ± = h22±h33 2
, where h+ h− ≪ 1, we have, neglecting
To quantify the breaking and in order not to introduce too many parameters, we assume the maximal atmospheric angle, but θ 13 = 0. The the M ν as given in Eq. (24) can be diagonalized with the matrix[6]
where c = cos θ 12 , s = sin θ 12 , θ 12 is solar mixing angle and s 2 = sin θ 13 , θ 13 is the reactor angle. Finally, then the elements of M ν are 
Further calculating |2a 11 a 23 − 2a 12 a 13 | from the same equations and equating them gives
Another useful relation is obtained by calculating |2a 12 a 13 | from equations (25) 
In the present case, when c ′2 s ′2 = 1 4 , the relations (31) [on using Eq. (32) and (34)
From Eqs. (30)
while from Eq. (26)
As is well known [3, 4, 10, 11 ] the leptogenesis asymmetry is given by [11] 
where M i denotes the heavy Majorana neutrino masses, R ij are defined by
The loop function f (x) containing vertex and self-energy corrections is
Using the constraint [2, 3]
obtained from out of equilibrium decay of M 1 ≃ 10 10 GeV,one finally obtains the lower limit on ǫ 1 :
, and for
Now ℑ (R 12 ) 2 as calculated from Eq. (43) is given by [1] In this case, leptogenesis asymmetry ǫ given in Eq. (50) gives
Thus, ǫ is of right order of magnitude 10
Solution-II
There is another solution, for which for r ′ = 0, sin 
